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The hot deformation behavior of a newly developed 51.1Zr–40.2Ti–4.5Al–4.2 V alloy was investigated by compression tests in the
deformation temperature range from 800 to 1050 1C and strain rate range from 103 to 100 s1. At low temperatures and high strain rates, the
ﬂow curves exhibited a pronounced stress drop at the very beginning of deformation, followed by a slow decrease in ﬂow stress with increasing
strain. The magnitude of the stress drop increased with decreasing deformation temperature and increasing strain rate. At high temperatures and
low strain rates, the ﬂow curves exhibited typical characteristics of dynamic recrystallization. A hyperbolic-sine Arrhenius-type equation was
used to characterize the dependences of the ﬂow stress on deformation temperature and strain rate. The activation energy for hot deformation
decreased slightly with increasing strain and then tended to be a constant value. A microstructural mechanism map was presented to help
visualize the microstructure of this alloy under different deformation conditions.
& 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Zirconium and zirconium alloys are used widely as the fuel
cladding and in-core structural components in water-cooled nuclear
reactors because of their good thermal conductivity, excellent
corrosion resistance, adequate strength and ductility, low thermal
neutron absorption cross section and long-term dimensional
stability in an irradiation environment [1–3]. More and more Zr-
based alloy systems have been developed, including Zr–Sn [4], Zr–
Nb [5], Zr–Sn–Nb [6,7] alloys, etc. To broaden the application of
Zr alloys in other industries, a series of new ZrTiAlV alloys have
been recently developed [8–11]. These ZrTiAlV alloys have great
potential for aeronautical applications due to their excellent
mechanical properties. The mechanical properties of the ZrTiAlV/10.1016/j.pnsc.2015.01.014
15 The Authors. Published by Elsevier GmbH. This is an open ac
mmons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Chinese Materials Research Society.alloys depend on the microstructure developed during manufactur-
ing processes. Therefore, it is necessary to investigate the hot
deformation behavior for control of microstructure.
There are many researches on the hot deformation behavior of
Zr alloys [12–19]. In commercially pure α-Zr, dynamic recrys-
tallization occurred in the temperature range from 730 to 850 1C
and strain rate range from 102 to 1 s1 [12]. In Zircaloy-2,
dynamic recrystallization occurred in the temperature range from
730 to 830 1C and strain rate range from 102 to 2 s1 [13]. In
Zr–1Nb alloy, dynamic recrystallization occurred in the tempera-
ture range from 625 to 800 1C and strain rates lower than 0.1 s1
in the α and αþβ phase ﬁeld, and dynamic recovery occurred in
the β phase ﬁeld [17]. For 47Zr–45Ti–5Al–3V alloy, dynamic
recovery occurred at low temperatures and high strain rates,
whereas dynamic recrystallization occurred at high temperatures
and low strain rates in the β phase ﬁeld [18]. Moreover, a
dramatic phenomenon of stress drop was observed in the 47Zr–
45Ti–5Al–3V alloy. The ﬂow behavior of the Zr alloy was
different from that of the other Zr alloys [14,17,19]. As one of the
newly-developed ZrTiAlV alloys, 51.1Zr–40.2Ti–4.5Al–4.2V
alloy has an excellent combination of high yield strength andcess article under the CC BY-NC-ND license
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present work was to investigate the ﬂow behavior of the 51.1Zr–
40.2Ti–4.5Al–4.2V alloy in the deformation temperature range
from 800 1C to 1050 1C and strain rate range from 103 to
100 s1.2. Experimental
2.1. Material and sample preparation
Sponge Zr (ZrþHfZ99.5 wt%), sponge Ti (99.7 wt%),
industrially pure Al (99.5 wt%), and V (99.9 wt%) were used400 μm
Fig. 1. Microstructure of the 51.1Zr–40.2Ti–4.5Al–4.2V alloy after the heat
treatment at 1050 1C for 30 min.
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Fig. 2. True stress–strain curves for the 51.1Zr–40.2Ti–4.5Al–4.2V alloy deformed
the single β phase ﬁeld.to prepare the 51.1Zr–40.2Ti–4.5Al–4.2V (wt%) alloy. The
alloy was melted three times using a vacuum consumable
electro-arc furnace to ensure a uniform chemical composition.
The cast ingot was multiply forged to completely break the
cast structure after homogenized at 1050 1C for 1.5 h. The
alloy billet was heated to 930 1C and hot-forged into bars of
43 mm in diameter.
The transformation temperatures of this alloy for α-αþβ
and αþβ-β were determined by differential scanning calori-
metry to be 550 1C and 670 1C, respectively. The bars were
heat-treated at 1050 1C for 30 min in a tubular vacuum
heat-treatment furnace with a protective argon atmosphere,
followed by water quenching. Fig. 1 shows the initial micro-
structure of the heat-treated alloy. The starting material was
comprised of single β phase with an average grain size of
455 μm. The cylindrical compression specimens of 12 mm in
height and 8 mm in diameter were machined from the heat-
treated bars.
2.2. Hot compression test
Hot compression tests were performed on the Gleeble 3500
thermo-mechanical simulator in a matrix of six temperatures in
the range of 800–1050 1C and four strain rates in the range of
103–100 s1. The specimens were heated by the direct
resistance heating system. The temperature was controlled
with a thermocouple spot welded at the mid-span of the0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Fig. 4. Relationship between the peak-stress and strain rate for the 51.1Zr–40.2Ti–
4.5Al–4.2V alloy in the single β phase ﬁeld.
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to reduce the friction between the cylindrical specimen and the
tool. Hot compression tests were conducted in an argon
atmosphere. Specimens were heated to 1050 1C at a rate of
20 1C/s, held for 10 min, and then cooled to the deformation
temperature at a rate of 10 1C/s and held for 30 s to eliminate
the thermal gradient prior to deformation. The specimens were
deformed to a true strain of 0.7 at deformation temperatures of
800–1050 1C and strain rates of 103–100 s1. Immediately
after deformation, the specimens were rapidly quenched with
water sprays to preserve the deformed microstructures. The
deformed specimens were sectioned parallel to the compres-
sion axis through the center. Metallographic specimens were
prepared by electro-polishing using a solution of 70% metha-
nol, 20% ethylene glycol and 10% perchloric acid, and then
chemically etching with a solution of 20% hydroﬂuoric acid
(HF), 30% nitric acid (HNO3), and 50% distilled water (H2O).
3. Results and discussion
3.1. True stress–strain curves
The true stress–strain curves were measured to help in
identifying the mechanism of hot deformation. Fig. 2 shows
the true stress–strain curves of the 51.1Zr–40.2Ti–4.5Al–4.2V
alloy at various deformation temperatures of 800–1050 1C and
strain rates of 103–100 s1. It is seen that the true stress–
strain curves exhibited completely different shapes depending
on the deformation condition. At low temperatures and high
strain rates, a dramatic phenomenon of stress drop was
observed, namely the ﬂow stress increased drastically to a
peak value at a low plastic strain, and then dropped sharply to
a lower value with increasing strain. This phenomenon is very
similar to that observed in 47Zr–45Ti–5Al–3V alloy in the β
phase ﬁeld [18]. The pronounced stress drop in the Zr alloys
might be attributed to the disappearance of mobile dislocations
in the grain boundaries during hot deformation [21]. Fig. 3
shows the variation in the magnitude of the stress drop with
deformation temperature and strain rate. The magnitude of the
stress drop increased with decreasing deformation temperature
and increasing strain rate. After the sudden stress drop, the0.70 0.75 0.80 0.85 0.90 0.95 1.00
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Fig. 3. Magnitude of the stress drop as a function of deformation temperature
and strain rate.ﬂow stress decreased slowly as the deformation proceeded.
The continuous ﬂow softening behavior can be attributed to
dynamic recovery, deformation heating and ﬂow instability
[22]. With decreasing strain rate and increasing deformation
temperature, the phenomenon of stress drop disappeared
gradually, and the type of ﬂow curves was transformed into
the dynamic recrystallization-type curve. At high temperatures
and low strain rates, the ﬂow curves exhibited typical
characteristics of dynamic recrystallization. The ﬂow stress
ﬁrstly increased to a peak value with increasing strain and then
decreased to a steady state.3.2. Kinetic analysis
The ﬂow curves are strongly affected by deformation
temperature and strain rate. The peak stress, i.e. the largest
stress in the ﬂow curves, can be selected as the representative
stress of each ﬂow curve. Figs. 4 and 5 show the variation in
the peak stress with deformation temperature and strain rate,
respectively, for the 51.1Zr–40.2Ti–4.5Al–4.2V alloy. It is
seen that the peak stress increased with increasing strain rate
and decreasing deformation temperature.0.72 0.76 0.80 0.84 0.88 0.92 0.96
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Fig. 5. Relationship between the peak-stress and deformation temperature for
the 51.1Zr–40.2Ti–4.5Al–4.2V alloy in the single β phase ﬁeld.
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dence of the peak stress on deformation temperature and strain
rate can be expressed by the hyperbolic-sine Arrhenius-type
equation [23–25]:
_ε ¼ A½ sinhðασpÞnexpðQ=RTÞ ð1Þ
where A (s1) and α (MPa1) are material constants, n is the
stress exponent, Q is the apparent activation energy for
deformation (J mol1), R is the universal gas constant (8.314 J
K1 mol1), _ε is the strain rate (s1), and T is the deformation
temperature (K), σp is the peak stress (MPa). By taking the
natural logarithm of both sides of Eq. (1), this equation can beTable 1
Activation energy of deformation Q, stress exponent n, and materials constants A and
β phase ﬁeld.
σp Strain
0.1 0.2 0.3
Q (kJ mol1) 201.9 163.4 154.4 153.0
n 3.29 3.64 3.25 3.11
A (s1) 4.0 109 4.9 107 5.6 106 6.3
α 0.001875 0.003434 0.005 0.005
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Fig. 6. Variation in the values of α, ln(A), n and Q with true strain for the 51.1Zr–4
5Al–3V alloy is also given in this ﬁgure for comparison [18].rewritten as
ln sinhðασpÞ ¼ 
1
n
ln Aþ 1
n
ln _εþ 1
n
Q
RT
ð2Þ
It is seen from Eq. (2) that the values of α, A, n and Q cannot
be calculated directly by the linear statistical regression method
because there are four constants in this equation. In order to
determine the values of A, n and Q, we ﬁrstly gave a value of
α, and then calculated the values of A, n, Q and the residual
sum of squares through the linear ﬁtting of the experimental
data. Thus, the relationship between the residual sum of
squares and the value of α can be obtained. The value of α
was estimated from the minimum residual sum of squares to beα during hot deformation of the 51.1Zr–40.2Ti–4.5Al–4.2V alloy in the single
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Table 2
Polynomial ﬁtting results of α, n, Q and ln A for the 51.1Zr–40.2Ti–4.5Al–
4.2V alloy.
α n Q (kJ mol1) ln A (s1)
α0¼0.003 n0¼4.67 Q0¼203.9 A0¼27.89
α1¼0.108 n1¼15.71 Q1¼706.6 A1¼174.15
α2¼0.542 n2¼67.38 Q2¼3974.5 A2¼934.40
α3¼1.296 n3¼154.07 Q3¼10980.9 A3¼2388.09
α4¼1.483 n4¼176.89 Q4¼14436.0 A3¼2920.38
α5¼0.653 n5¼79.17 Q5¼7150.0 A5¼1364.93
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Fig. 7. Variation of the peak-stress with the Zener–Hollomon parameter for the
51.1Zr–40.2Ti–4.5Al–4.2V alloy in the single β phase ﬁeld.
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procal upon which the material changes from power to
exponential stress dependence. After the optimum value of α
was determined, the values of A, n and Q were calculated by
linear ﬁtting of the experimental data to be: A¼4.0 109 s1,
n¼3.29 and Q¼201.9 kJ mol1. Thus, Eq. (1) can be
expressed as follows:
_ε¼ 4:0 109½ sinhð0:001875σpÞ3:29exp 
201900
RT
 
ð3Þ
Lee et al. [26] and Radovi et al. [27] observed that the
activation energy for deformation was related to the strain
during hot deformation. The deformation activation energy and
material constants are strongly inﬂuenced by the strain in entire
strain range [28–32]. In order to better understand the ﬂow
behavior, the values of α, A, n and Q were calculated at
different strains, as listed in Table 1. Fig. 6 shows the variation
in the values of α, ln(A), n and Q with true strain for the
51.1Zr–40.2Ti–4.5Al–4.2V alloy. The α value increased
slightly with increasing strain and then reached a constant
value of approximately 0.005 (Fig. 6(a)). The values of n, ln
(A) and Q decreased slightly with increasing strain and then
tended to be a constant value (Fig. 6(b) and (c)). The variation
in the activation energy with strain seems to be related to the
fact that the stress peak occurs at a considerably low strain,
followed by a continuous decrease in ﬂow stress with increas-
ing strain. The slight increase in the activation energy from
150.7 to 154.7 kJ mol1 with increasing strain from 0.5 to 0.7
might be attributed to the experimental error which was caused
by a slight increase in the ﬂow stress at larger strains.
The hot deformation behavior of Zr and Zr alloys has been
investigated [15,18,19,33]. For Zr [19], Zr–2.5Nb [15] and Zr–
1Nb–1Sn alloys [33] deformed in the β phase ﬁeld, the
activation energy for deformation was 110 kJ mol1, 120 kJ
mol1 and 110 kJ mol1, respectively, which is very close to
that for self-diffusion in β-Zr (120 kJ mol1). Chakravartty
et al. [33] considered that hot deformation of these Zr alloys in
the single β ﬁeld was controlled by self-diffusion. For 47Zr–
45Ti–5Al–3V alloy deformed in the β phase ﬁeld, the
activation energy for deformation was derived from the peak
stress to be 207.7 kJ mol1, and it decreased from 186.6 to
155.8 kJ mol1 with increasing strain from 0.1 to 0.7 [18], as
shown in Fig. 6(c) for comparison. It is obvious that the
activation energy for the 51.1Zr–40.2Ti–4.5Al–4.2V alloy was
lower than that for 47Zr–45Ti–5Al–3V alloy, especially at
lower strains. The decrease in the activation energy for
deformation can be attributed to the increase in the Zr content
because the self-diffusion activation energy in β-Zr (120 kJ
mol1) is lower than that in β-Ti (153 kJ mol1) [34].
Similarly, the activation energy for Ti–20Zr–6.5Al–4V alloy
was dramatically lower than that for Ti–6Al–4V alloy [35,36].
The activation energies for deformation in the two ZrTiAlV
alloys were higher than the self-diffusion activation energy in
β-Zr, which means that the mechanism of hot deformation in
the ZrTiAlV alloys was likely to be dynamic recrystallization.
The Zener–Hollomon (Z ¼ _ε exp(Q/RT), s1) parameter is
used to describe the temperature compensated strain rate. Therelationship between the peak stress and the Z parameter is shown
in Fig. 7. Obviously, the ﬂow stress and Z value exhibited a good
linear correlation, and the peak stress increased with increasing
the Z value. This indicates that the established constitutive
equation is valid during hot deformation.
The variations in the constitutive parameters with strain can
be related to the true stress–strain behavior. In order to predict
the ﬂow curves by the constitutive equations, the relationship
between the material constants (i.e. α, Q and ln A) and true
strain must be established. According to Refs. [29–32], the
material constants as a function of true strain can be given by a
ﬁfth order polynomial, i.e.,
α ¼ α0þα1εþα2ε2þα3ε3þα4ε4þα5ε5
n ¼ n0þn1εþn2ε2þn3ε3þn4ε4þn5ε5
Q ¼ Q0þQ1εþQ2ε2þQ3ε3þQ4ε4þQ5ε5
ln A ¼ A0þA1εþA2ε2þA3ε3þA4ε4þA5ε5 ð4Þ
The coefﬁcients of the polynomial functions are given in
Table 2. A comparison of the experimental and the predicted
ﬂow stresses is shown in Fig. 8. The calculated ﬂow stress
values are in good agreement with the experimental values. To
further evaluate the accuracy of the developed constitutive
equations, the average absolute relative error (Δ) values
between the calculated ﬂow stress and the experimental ﬂow
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Fig. 8. Comparison of the experimental and predicted ﬂow stress for the 51.1Zr–40.2Ti–4.5Al–4.2V alloy deformed at strain rates of (a) 100 s1, (b) 101 s1, (c)
102 s1 and (d) 103 s1 in the single β phase ﬁeld.
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Δð%Þ ¼ 1
N
XN
i ¼ 1
 σEσP
σE
 ð5Þ
where σE is the experimental ﬂow stress, and σP is the
predicted ﬂow stress. The Δ value is approximately 1.55%
for the ZrTiAlV alloy deformed in the deformation tempera-
ture range from 800 to 1050 1C and strain rate range from
103 to 100 s1. This indicates that the constitutive equations
exhibit a good ﬁt with the measured values.
3.3. Hot deformed microstructure
Fig. 9 shows typical deformed microstructures of the
51.1Zr–40.2Ti–4.5Al–4.2V alloy under different deformation
conditions, which was observed by optical microscopy from
the center of the compressed specimens cut through the
compression axis. It is quite noticeable from Fig. 9(a) and
(b) that at the deformation temperature of 800 1C and strain
rates of 100 and 101 s1, the elongated grains were observed
with some serrated grain boundaries, indicating that only
dynamic recovery took place during hot deformation. At the
deformation temperature of 900 1C and strain rate of
101 s1, there were just a few ﬁne recrystallized grains
appeared in initial grain boundaries (Fig. 9(c)). The volume
fraction and grain size of recrystallized grains increased withdecreasing strain rate and increasing deformation temperature
(Fig. 9(d)–(f)). At high deformation temperatures and low
strain rates, the specimens were completely recrystallized, and
the size of dynamically-recrystallized grains increased with
increasing deformation temperature and decreasing strain rate
(Fig. 9(g) and (h)).
A microstructural mechanism map for the 51.1Zr–40.2Ti–
4.5Al–4.2V alloy was presented on the basis of the results
obtained in this study, as shown in Fig. 10. It can be seen
visually that the alloy exhibited different deformation mechan-
ism under different deformation conditions. At low deforma-
tion temperatures and high strain rates, only dynamic recovery
took place during hot deformation. At high deformation
temperatures and low strain rates, the alloy was completely
recrystallized. The microstructural mechanism map can be
used in the control of microstructure and the design of the
processing parameters for hot working of the 51.1Zr–40.2Ti–
4.5Al–4.2V alloy. Generally, dynamic recrystallization is a
beneﬁcial process during hot deformation since it can provide
stable ﬂow and ideal workability to the material by ﬂow
softening and reconstitution of microstructure.4. Conclusions
The hot deformation behavior of the 51.1Zr–40.2Ti–4.5Al–
4.2V alloy in the β phase ﬁeld was investigated based on the
400 μm
Fig. 9. Optical microstructures of the 51.1Zr–40.2Ti–4.5Al–4.2V alloy in the single β phase ﬁeld under different conditions of (a) 800 1C, 100 s1; (b) 800 1C,
101 s1; (c) 900 1C, 101 s1; (d) 950 1C, 101 s1; (e) 900 1C, 102 s1; (f) 1050 1C, 101 s1; (g) 1000 1C, 103 s1 and (h) 1050 1C, 103 s1.
J. Duan et al. / Progress in Natural Science: Materials International 25 (2015) 34–4140ﬂow curve, kinetic analysis and microstructure observation.
The results obtained can be summarized as follows:(1) At low temperatures and high strain rates, the true stress–
strain curves exhibited a pronounced stress drop. The
magnitude of the stress drop decreased with increasingdeformation temperature and decreasing strain rate. At
high temperatures and low strain rates, the true stress-strain
curves exhibited typical characteristics of dynamic
recrystallization.(2) The peak stress increased with decreasing deformation
temperature and increasing strain rate. The dependence of
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Fig. 10. Microstructural deformation mechanism map for 51.1Zr–40.2Ti–
4.5Al–4.2V alloy at a strain of 0.7 under different deformation conditions.
J. Duan et al. / Progress in Natural Science: Materials International 25 (2015) 34–41 41the peak stress on deformation temperature and strain rate
can be described by the following equation:
_ε¼ 4:0 109½ sinhðασpÞ3:29exp 
201900
RT
 (3) The activation energy for deformation at different strains
was determined to be in the range of 150.3–163.4 kJ
mol1, which was higher than the self-diffusion activation
energy in β-Zr.(4) The relationship between the material constants (i.e. α, Q
and ln A) and true strain was established by a ﬁfth order
polynomial. The ﬂow stress values predicted by the
developed constitutive equations were in good agreement
with the experimental values.(5) The microstructural mechanism map for 51.1Zr–40.2Ti–
4.5Al–4.2V alloy at a strain of 0.7 was presented on the
basis of the results obtained in this study.Acknowledgments
This work was supported by the National Basic Research
Program of China (Grant no. 2010CB731606).
References
[1] D.G. Franklin, G.E. Lucas, A.L. Bement, ASTM STP 815, Philadelphia,
1983, pp. 183–201.
[2] X.Y. Zhang, M.H. Shi, C. Li, N.F. Liu, Y.M. Wei, Mater. Sci. Eng. A
448 (2007) 259–263.
[3] Y. Jung, Y.N. Seol, B.K. Choi, J.Y. Park, Mater. Des. 42 (2012)
118–123.[4] Z. Trojanová, P. Lukáč, A. Dlouhý, Mater. Sci. Eng. A 164 (1993)
246–251.
[5] A.V. Dobromyslov, N.I. Taluts, N.V. Kazantseva, E.A. Kozlov, Scr.
Mater. 42 (1999) 61–71.
[6] M. Pahutová, K. Kuchařová, J. Čadek, Mater. Sci. Eng. A 27 (1977)
249–255.
[7] B.F. Luan, S.S. Gao, L.J. Chai, X.Y. Li, A. Chapuis, Q. Liu, Mater. Des.
52 (2013) 1065–1070.
[8] S.X. Liang, M.Z. Ma, R. Jing, X.Y. Zhang, R.P. Liu, Mater. Sci. Eng. A
532 (2012) 1–5.
[9] S.X. Liang, M.Z. Ma, R. Jing, Y.K. Zhou, Q. Jing, R.P. Liu, Mater. Sci.
Eng. A 539 (2012) 42–47.
[10] S.X. Liang, L.X. Yin, H.W. Che, R. Jing, Y.K. Zhou, M.Z. Ma, R.P. Liu,
Mater. Des. 52 (2013) 246–250.
[11] S.X. Liang, L.X. Yin, X.Y. Liu, R. Jing, Y.K. Zhou, M.Z. Ma, R.P. Liu,
Mater. Sci. Eng. A 582 (2013) 374–378.
[12] J.K. Chakravartty, Y.V.R.K. Prasad, M.K. Asundi, Metall. Mater. Trans.
A 22 (1991) 829–836.
[13] J.K. Chakravartty, S. Banerjee, Y.V.R.K. Prasad, M.K. Asundi, J. Nucl.
Mater. 187 (1992) 260–271.
[14] J.K. Chakravartty, G.K. Dey, S. Banerjee, Y.V.R.K. Prasad, J. Nucl.
Mater. 218 (1995) 247–255.
[15] R. Kapoor, J.K. Chakravartty, J. Nucl. Mater. 306 (2002) 126–133.
[16] R. Kapoor, J.K. Chakravartty, C.C. Gupta, S.L. Wadekar, Mater. Sci.
Eng. A 392 (2005) 191–202.
[17] A. Sarkar, J.K. Chakravartty, J. Nucl. Mater. 440 (2013) 136–142.
[18] Y.B. Tan, L.H. Yang, C. Tian, R.P. Liu, X.Y. Zhang, W.C. Liu, Mater.
Sci. Eng. A 577 (2013) 218–224.
[19] J.K. Chakravartty, S. Banerjee, Y.V.R.K. Prasad, Scr. Metall. Mater. 26
(1992) 75–78.
[20] M. Li, D.F. Guo, Q. Zhang, T.Y. Ma, Y.D. Shi, G.S. Zhang, X.H. Li,
X.Y. Zhang, Mater. Sci. Eng. A 612 (2014) 1–6.
[21] Y.B. Tan, W.C. Liu, H. Yuan, R.P. Liu, X.Y. Zhang, Metall. Mater.
Trans. A 44A (2013) 5284–5288.
[22] X. Ma, W.D. Zeng, B. Xu, Y. Sun, C. Xue, Y.F. Han, Intermetallics 20
(2012) 1–7.
[23] C.M. Sellars, W.J.M. Tegart, Mem. Sci. Revue. Metall. 63 (1966)
731–746.
[24] X.X. Xia, P. Sakaris, H.J. McQueen, Mater. Sci. Technol. 10 (1994)
487–496.
[25] S.F. Medina, C.A. Hernandez, Acta Mater. 44 (1996) 137–148.
[26] W.S. Lee, M.T. Lin, J. Mater. Process. Technol. 71 (1997) 235–246.
[27] N. Radovi, D. Drobnjak, ISIJ Int. 39 (1999) 575–582.
[28] J. Cai, F.G. Li, T.Y. Liu, B. Chen, M. He, Mater. Des. 32 (2011)
1144–1151.
[29] D. Samantaray, S. Mandal, A.K. Bhaduri., Mater. Sci. 47 (2009)
568–576.
[30] A. Shamsolhodaei, A. Zarei-Hanzaki, M. Ghambari, S. Moemeni, Inter-
metallics 53 (2014) 140–149.
[31] A. Abbasi-Bani, A. Zarei-Hanzaki, M.H. Pishbin, N. Haghdadi, Mech.
Mater. 71 (2014) 52–61.
[32] C.H. Liao, H.Y. Wu, C.T. Wu, F.J. Zhu, S. Lee, Prog. Mater Sci.: Mater.
Int. 24 (2014) 253–265.
[33] J.K. Chakravartty, R. Kapoor, S. Banerjee, Y.V.R.K. Prasad, J. Nucl.
Mater. 362 (2007) 75–86.
[34] I. Weiss, S.L. Semiatin, Mater. Sci. Eng. A 243 (1998) 46–65.
[35] Y.B. Tan, J.L. Duan, L.H. Yang, W.C. Liu, J.W. Zhang, R.P. Liu, Mater.
Sci. Eng. A 609 (2014) 226–234.
[36] A. Momeni, S.M. Abbasi, Mater. Des. 31 (2010) 3599–3604.
